This study addresses the basis of host range on legumes of Agrobacterium tumefaciens strain A281, an LL-succinamopine strain. We tested virulence of T-DNA and vir region constructs from this tumor-inducing (Ti) plasmid with complementary Ti plasmid re,gions from heterologous nopaline and octopine strains.
Agrobacterium tumefaciens is the etiologic agent of crown gall. Oncogenic strains ofA. tumefaciens harbor large plasmids, called Ti2 plasmids (for review, see Ref. 17) . Part of the Ti plasmidthe T-DNA-is transferred to the plant where it is stably maintained in the nuclear DNA (4, 5) . The T-DNA contains genes that are transcribed in the plant (4) encoding enzymes for opine synthesis (29) and phytohormone synthesis (1, 2, 27, 30) . A second region of approximately 30 to 40 kb of the Ti plasmid that is involved in tumorigenesis but is not maintained in the tumor is the virulence region. Drummond and Chilton (10) found extensive regions of DNA that are conserved on several wide host range Ti plasmids including octopine, nopaline, and L,L-succinamopine types. The vir genes and T-DNA are located in regions exhibiting this extensive homology.
Many strains ofA. tumefaciens exhibit a broad host range, i.e. they incite tumors on several dicotyledonous angiosperms and on some gymnosperms (7) . Some strains ofAgrobacterium incite tumors on only a limited range ofplants-mainly gragevine (26) . Host range has been shown to be determined by the type of Ti plasnnid present in the bacterium (24, 31) . Loci specific for hostrange have been mapped on the Ti plasmids jn the T-DNA region (3, 16) as well as outside the T-DNA (12, 21, 22) .
Hoekema et al. (14, 15) and de Framond et aL. (8) demonstrated that the Ti plasmid could be divided into two separately replicating plasmids in the same bacterium and induce tumors similar to wild type on the host plants tested. We report here investigations on the host range of A. tutnefaciens strain A281 using this binary system. Our purpose was to determine if virulence on legumes was primarily a property of the T-DNA or of the vir region of pTi Bo542 by testing the T-DNA and vir regions with complementary regions of Ti plasmids from other strains.
We found that the interactions of the T-DNAs and vir reons ' (20) . In some instances, Agrobacterium was grown on AT minimal medium (11) . Antibiotic concentrations were as follows: for Agrobacterium: kanamycin sulfate (Sigma), 50 ,g/ml; naladixic acid (Sigma), 25 ,g/ml; tetracycline hydrochloride (Calbiochem), 10 sg/ml; carbenicillin (or ampicillin) (Sigma), 50 ug/ml; for E coli: kanamycin sulfate, 50 gg/ml; tetracycline hydrochloride (Sigma), 25 gg/ml; carbenicillin ( Scoring of Tumors. Soybean and alfalfa tumors were scored at 1-week intervals for 5 weeks after inoculation. Tumor formation was scored according to the number of inoculation sites forming tumors, then expressed as a ratio to total sites inoculated (Table  II) . Photographic records were also kept. (20, 23) and its T-DNA defined (18) . Figure 1 Figure 1 (part B). The lines below this map labeled pEHC277 and pEHC65 illustrate the inserts in two cosmid clones from the T-region of pTi Bo542 (20) that were used in the vir assays reported here. pEHC65 contains only the left portion of T-DNA (TL-DNA, including the full complement ofhormone genes [20] ) whereas pEHC277 contains both left and right T-DNA sequences (TL-DNA plus TR-DNA, the latter contains mannityl opine synthetic loci).
To determine whether A28 1-incited tumor formation on legumes was a characteristic of the T-DNA or of the vir region of the resident Ti plasmid, pTi Bo542, we made use of the T-DNA region clones described above. Using these clones, we were able to test the oncogenicity ofthis T-DNA in trans complementation experiments with vir regions from heterologous Ti plasmids. Construction of strains using these cosmids with various vir regions is described in detail elsewhere (19) . We modified the cosmid clones to allow their replication in A. tumefaciens by mating each of the two clones of interest, pEHC277 and pEHC65, into an E. coli strain carrying pRK325, a shuttle vector plasmid consisting of a wide host range replication origin and a short pBR325 sequence allowing cointegration of pBR derived plasmids. The cointegrate plasmids in this work resulting from such a cross were designated by the pCS prefix and were transferred to A. tumefaciens strains of interest through triparental matings as described (19) . pEHA101, a helper plasmid from strain A281 containing the vir region but lacking T-DNA, was constructed by site-directed deletion of T-DNA (19) . We used this plasmid to test the vir region of pTi Bo542 for its involvement in tumor formation on legumes. The octopine, nopaline, and L,L-succinamopine TDNAs, pAL1050 (14) , mini Ti/pRK (8) , and pCS277 (19) , respectively, were introduced into the EHA101 strain by triparental matings. Control (Table II) . Strain A281 was second to A208 in frequency and size oftumors on soybean but equivalent to A208 on alfalfa (Table II) . The octopine strain, Ach5, was much less tumorigenic on alfalfa and soybean in both tumor frequency and size (Table II) . No tumors were ever observed on soybean or alfalfa with strain Bo542.
b. Bipartite Strains Involving the Octopine vir Region. The reconstructed octopine bipartite strain, LBA4434, had an increased frequency of tumor formation on soybean compared to its wild type progenitor strain, Ach5 (Table II) . Oncogenicity of this strain on alfalfa was similar to Ach5. A strain combining this octopine vir plasmid, pAL4404, with the nopaline T-DNA incited less frequent, smaller tumors on soybean and alfalfa than A208, the wild type nopaline strain (Table II) . The pAL4404 vir plasmid was tested in both the Ach5 (LBA4404) and C58 (A479) chromosomal backgrounds with the pTi Bo542 TL-DNA plasmid, pCS65 (Fig. 1B) . Tumors were much less frequent on soybean and slightly less fiequent on alfalfa with both of these strains than tumors incited by A281 (Table II) . All tumors were also smaller. The bipartite strain containing the TL-+ TR-DNA construct (Fig. 1B) (Table II) . Tumor fiequency and size on alfalfa incited by this latter bipartite strain were similar to wild type A281 alfalfa tumors (Table II) . The nopaline vir region appears to be efficient at complementing transformation frequency of legumes with this heterologous T-DNA. d. Bipartite Strains Involving the L,L-Succinamopine vir Region. Both T-DNA constructs described above, pCS277 and pCS65, were used to reconstruct the pTi Bo542 plasmid in the bipartite system (Table II) . The pCS277 plasmid with its homologous vir region, pEHA1O1, gave a reduced fiequency of tumor response on soybean and alfalfa compared to A281 induced either A28 1 or to the pCS277 bipartite strain. These data suggest that a reduced frequency of tumor response on soybean and alfalfa is due to separating the plasmid into a bipartite system. These data also suggest that the TR-DNA region may have loci that contribute to increased tumor size on these legumes.
A bipartite strain composed of the L,L-succinamopine vir region and the octopine T-DNA, EHA 10 1(pAL 1050), was tested for virulence on legumes. Frequency and size of tumors on soybean were greater than either the Ach5 wild-type octopine strain or the reconstructed strain, LBA4434. Tumor response of alfal-fa to this heterologous bipartite strain was greater in frequency although the tumors were similar in size to those incited by the above-mentioned octopine strains (Table II) . When nopaline T-DNA was complemented with the L,L-succinamopine vir region, frequency of tumor formation on soybean and alfalfa was much lower than that of A208, ASE-l(mini Ti/pRK), and LBA4404(mini Ti/pRK). Tumors alfalfa, nopaline T-DNA is best complemented by its own virulence region, these tumors also being smaller than those incited by A208. The L,L-succinamopine TL-DNA was best complemented by the nopaline vir region on both soybean and alfalfa.
The L,L-succinamopine TL-+ TR-DNA was best complemented by its homologous vir region on soybean but by the octopine vir region on alfalfa. This latter L,L-succinamopine T-DNA was not tested with the nopaline vir region. However, in both cases where the two L,L-succinamopine T-DNA constructs were tested with the same virulence region, the left plus right construct was more oncogemc.
In those cases where the octopine vir region complemented TDNAs to most frequent tumor formation, tumors tended to be smaller in size than those incited by the parental strain of the T-DNA (Table III) . When the nopaline vir reon complemented T-DNAs to most frequent tumor formation, tumors tended to be equal to or smaller than those from the parental strain of the T-DNA. In contrast, when the L,L-succinamopine vir region complemented T-DNAs to most frequent tumor formation, tumors tended to be equal to or greater in size than those incited by the T-DNA parent.
DISCUSSION
The T-DNA region and the vir region are the major parts of the Ti plasmid of A. tumefaciens that are responsible for oncogenicity on plants. Each of these regions has been defined genetically through transposon mutagenesis and complementation experiments. In the studies reported here we assess the contribution of each of these regions from pTi Bo542 to virulence of strain A281 on legumes.
Several observations were made based on the data presented Table II indicating the virulence region type that complemented individual TDNAs to the highest frequency of tumor formation on soybean or on alfalfa. c Average sizes of tumors incited by these bipartite strains were determined from observations recorded in Table II here. In general, binary strains were not as oncogenic as their wild type progenitor Ti plasmid-containing strains on soybean and alfalfa. The interactions among the different vir regions and T-DNAs in bipartite strains on the legumes were complex. Tumor formation on soybean and alfalfa required not only a T-DNA compatible with the host plant but also an efficient virulence region. This latter phenomenon may be a manifestation of interactions between vir regions and borders of non-homologous T-DNAs.
The strategy of the bipartite system that we used here to test for virulence of strain A28 1 has been shown to work previously (8, 14, 15) . Our results show that the morphology of tumors incited by these bipartite strains on legumes depends on the type of T-DNA present. Complex interactions were observed when each of the individual T-DNAs was complemented with the various vir regions (Table III) . The octopine vir region complemented nopaline T-DNA best on soybean and complemented L,L-succinamopine TL-+ TR-DNA best on alfalfa. In both cases, however, the tumors were smaller than those incited by the wildtype strain contributing its T-DNA to the bipartite strain. These results suggest that although the octopine vir region can complement T-DNAs to frequent tumor formation, it must be less efficient at some other aspect of tumorigenesis such as the number of T-DNA copies inserted, since the tumors were smaller. We have also shown that the octopine vir region is not as efficient as the L,L-succinamopine vir region at transferring TDNAs to tobacco and tomato (19) .
The nopaline vir region was most efficient at complementing T-DNAs in three instances: nopaline T-DNA on alfalfa, L,Lsuccinamopine TL-DNA on soybean, and L,L-succinamopine TL-DNA on alfalfa (Table III) . In these cases, tumors were either smaller than (one case) or equal in size (two cases) to tumors incited by the parental strains of the T-DNAs. We suggest from these results that the nopaline vir region is more efficient than the octopine vir region at transferring T-DNA to these legumes. These results are in contrast to results of Hood et aL (19) on tumor formation in tobacco and tomato with strains involving these vir regions. Bipartite strains utilizing the nopaline vir region formed very small tumors on the Solanaceous plants, whereas those utilizing the octopine vir region formed medium sized tumors.
The L,L-succinamopine vir region was most efficient at complementing T-DNAs in three instances: octopine T-DNA on soybean and on alfalfa, and L,L-succinamopine TL-+ TR-DNA on soybean. Tumors incited by these bipartite strains were either equal in size (two cases) or larger than (one case) tumors incited by wild type strains contributing their T-DNAs to these bipartite strains. These results indicate that the L,L-succinamopine vir region is efficient at transferring certain T-DNAs to soybean and alfalfa. These results complement the conclusion of Hood et al. (19) that the non T-DNA portion of pTi Bo542 is responsible for formation of large tumors on Solanaceous plants.
The pTi Bo542 T-DNA was virulent on alfalfa when complemented with any vir region. However, on soybean, this T-DNA showed normal virulence only when complemented with either the nopaline or L,L-succinamopine vir region. Based on these data, we suggest that virulence on soybean requires more than a compatible T-DNA-i.e. some function not supplied by the octopine vir region when complementing this T-DNA in both C58 and Ach 5 chromosomal backgrounds (Table II) . The reciprocal strain containing the pTi Bo542 vir region and the octopine T-DNA incited frequent tumors that were either equal to or greater in size than those incited by a bipartite strain containing the homologous octopine T-and vir regions. These results support the data of Hood et al. (19) showing that the pTi Bo542 vir region can complement the octopine T-DNA to hypervirulence on Solanaceous plants. In contrast, the L,L-succinamopine vir region was not efficient at complementing the nopaline T-DNA to tumor formation on legumes (Table II) . However, this vir region was more efficient than the nopaline vir region at complementing nopaline T-DNA to virulence on tobacco and tomato (19) . These data support the suggestion that virulence requires not only a compatible T-DNA but also an efficient vir region. Yanofsky et al. (33) found that host range (i.e. virulence) depended on the vir region as well as the oncogenic loci in T-DNA. In a related paper, Yanofsky et al. (32) showed that the vir C locus of pTiA6 was involved in determining the wide host range of this strain and was responsible for the hypersensitive response on Vitis sp. Differences among these three vir regions may be able to account for some ofthe inconsistent interactions ofthese binary strains with legumes as reported here and with Solanaceous plants (19) . In addition, it seems that virulence also requires a compatible interaction between the specific T-DNA and vir region. This interaction may involve T-DNA border sequences or sequences adjacent to the borders.
The T-DNA in each of these binary strains is present in approximately five copies per cell, in contrast to one copy per cell of each vir region plasmid. However, since these three T-DNA plasmids are based on similar wide host range replicons, the contribution of T-DNA copy number in each ofthese binary strains should be similar. In addition all strains were grown on the appropriate antibiotic to maintain the T-DNA-containing plasmid until the time of inoculation. However, the stability of these three plasmids after inoculation onto plants may differ slightly since they were constructed in different manners (8, 14, 19) . The mini Ti/pRK plasmid, which is probably the least stable, cointegrates through a large restriction endonucleasefragment from pTiT37 cloned into both the mini Ti and pRK290 plasmids (8) . pAL 1050 is a stable cointegrate that is not likely to break down (14) . pCS277 and pCS65 cointegrate through a 300 to 400-base pair homologous region on pHC79 and pRK325, making them intermediate in stability between the other two plasmids. However, it seems unlikely that binary plasmid instability is responsible for the tumor phenotypes observed in these experiments since the least stable T-DNA did not always give the least response (compare strains LBA4404(mini Ti/pRK) and LBA4404(pCS65)).
The wild-type Bo542 strain does not form tumors on legumes, but the transconjugant strain A281 incites frequent large tumors on these same plants. The Bo542 strain contains 4 plasmids as determined by electrophoresis (28) , one of which is the Ti plasmid. Strain A281 is based on the C58 chromosomal background (28) , contains a 300 megadalton (MD) cryptic plasmid from strain C58, and does not contain any of the auxillary plasmids of the wild type Bo542 strain. Any of these factors, the extra plasmids, different chromosome, or different cryptic plasmid, could be contributing to the tumorous phenotype of A281 on legumes. Strain A281 is hypervirulent on tobacco and tomato plants (19) and it is unlikely that this is due to chromosomal background or the presence of the 300 MD cryptic plasmid since many Ti plasmids have been transferred to the C58 cured strain and do not show this hypervirulence (28) . The possibility still exists that the other plasmids in the wild-type Bo542 strain modulate its virulence. This could be investigated by systematically reintroducing each of the auxillary plasmids alone or in combination back into strain A281 and testing their virulence on legumes and on Solanaceous plants.
